A crosstalk between the immune system and depression has been postulated, with monocytes/macrophages and cytokines having a key role in this interaction. In this study, we examined whether vortioxetine, a multimodal anti-depressive drug, was endowed with anti-inflammatory and antioxidative activity, leading to immunomodulatory effects on human monocytes and macrophages.
Introduction
There is much evidence pointing to an association between the immune system and depression, and this may be driven by high levels of pro-inflammatory cytokines and by increased oxidative stress, both arising from active monocytes/macrophages. An involvement of cytokines in psychiatric diseases was first postulated through the observation that patients treated with the pro-inflammatory cytokine IFN-α developed several depressive symptoms that disappeared when treatment was interrupted, leading to the formulation of 'the monocyte/macrophage theory' of depression and schizophrenia (Smith, 1991; Maes, 1995) . Since then, more evidence has emerged that supports the involvement of pro-inflammatory markers and immune cells in the pathogenesis of depression (Dantzer et al., 2008; Miller and Raison, 2016) . Elevated levels of cytokines in the plasma of patients affected by major depressive disorders (MDDs) have been confirmed in a number of meta-analyses (Haapakoski et al., 2015; Goldsmith et al., 2016) . Similarly, a recent metaanalysis has shown that anti-cytokine drugs (adalimumab, tocilizumab, etc.) are associated with an antidepressant effect and increase the response to antidepressants (Kappelmann et al., 2016) . This is true also for anti-inflammatory agents (Rosenblat et al., 2016) . Hence, monocytes/macrophages together with their counterpart in the CNS, microglia, can be considered the bridge between inflammation and depression (Nazimek et al., 2016b) . In fact, the expression of genes involved in inflammation and immunity are up-regulated in monocytes from MDD patients compared to healthy volunteers (Grosse et al., 2015) , while glucocorticoid receptor expression is reduced (Carvalho et al., 2014) . Moreover, we have described a significant imbalance between neurokinin NK 1 receptor and NK 2 receptor expression in monocytes isolated from MDD patients under stable therapy (Bardelli et al., 2013) and in patients affected by bipolar disorders (Amoruso et al., 2015) compared to monocytes from healthy subjects.
Peripheral monocytes can differentiate into macrophages and dendritic cells (Tacke and Randolph, 2006 ) that share similarities with microglia. Macrophages and microglia are characterized by a distinct plasticity that leads to the identification of two functional states, depending on the extracellular environment: M1 or M2. M1 macrophages, which in vitro can be induced by exposure to LPS, granulocyte macrophage colony-stimulating factor (GM-CSF) and IFN-γ, express and release pro-inflammatory cytokines/mediators and ROS/nitrogen species. M2 macrophages, that in vitro can be induced by exposure to macrophage CSF (M-CSF), IL-4 and IL-13 express and release anti-inflammatory cytokines that are involved in tissue repair (Sica and Mantovani, 2012; Murray et al., 2014) . The two phenotypes can be distinguished by the different surface markers that they express (e.g. CD86/CD80 for M1 and CD206 for M2). Macrophages can continuously switch from one state to the other according to the environmental cues (Porcheray et al., 2005) , and the possibility that microglia M1/M2 polarization contribute to relapse and remission, respectively, of MDD has recently been suggested (Nakagawa and Chiba, 2014) . Moreover, Torres-Platas et al. (2014) showed an increased number of microglia cells/macrophages in post-mortem brain samples from suicide patients, and a dysregulation of the microglia transcriptome has been demonstrated in a murine model of inflammation-associated depressive behaviour (GonzalezPena et al., 2016) and in a mouse microglia cell line stimulated with toll-like receptor ligands (Das et al., 2015) . Interestingly, various antidepressants have been shown to induce immunomodulatory effects on peritoneal mice macrophages (Nazimek et al., 2016a) and on microglia polarization (Kalkman and Feuerbach, 2016) .
Vortioxetine is a novel antidepressant agent approved by the FDA and EMA for treatment of MDD (Frampton, 2016) , endowed with a multimodal pharmacodynamic profile that combines inhibition of the 5-HT (serotonin) transporter SERT with direct effects on 5-HT receptors (Sanchez et al., 2015) . As well as being a CNS neurotransmitter, 5-HT is an important peripheral mediator (Shajib and Khan, 2015) that, for example, skews human macrophage polarization towards the M2 phenotype via 5-HT 2B and 5-HT 7 receptors, contributing to the maintenance of an antiinflammatory state (de Las Casas-Engel and Corbi, 2014 ). Yet Soga et al. (2007) demonstrated that 5-HT activates monocytes inducing the expression of CD80/86 surface markers (characteristic of the M1 pro-inflammatory phenotype), potentiates LPS-cytokine release and protects monocytes from apoptosis, leading to the amplification and chronicity of an inflammatory state.
Due to its unique activity, we used vortioxetine to investigate the crosstalk between the immune system and depression, evaluating human monocytes/macrophages from healthy donors. We demonstrated that vortioxetine has the ability to direct monocytes/macrophages towards an antiinflammatory phenotype.
Methods

Isolation and differentiation of monocytes
Human monocytes were isolated from 20 healthy anonymous human buffy coats (provided by the Transfusion Service of Ospedale Maggiore della Carità, Novara, Italy) by the standard technique of dextran sedimentation and Histopaque (density = 1.077 g·cm À3 , Sigma-Aldrich, Milano, Italy) gradient centrifugation (400× g, 30 min, room temperature) and recovered by fine suction at the interface, as described previously (Lavagno et al., 2004) . Purified monocytes populations were obtained by adhesion (90 min, 37°C, 5% CO 2 ) in serum-free RPMI 1640 medium (Sigma-Aldrich) supplemented with 2 mM glutamine and antibiotics. Cell viability (trypan blue dye exclusion) was usually >98%. 
Cell viability
To assess any potential toxicity of the drugs in monocytes and MDM, cell viability was evaluated using the methylthiazolyldiphenyl-tetrazolium bromide (MTT) assay. Cells (1 × 10 4 cells) were treated for 1 and 24 h with vortioxetine in a concentrations range between 1 nM to 10 μM, and 5-HT 1 μM; then, the medium was replaced by the MTT assay solution (1 mg·mL À1 ; 2 h, 37°C 5% CO 2 ;
Sigma-Aldrich). The supernatant was removed and DMSO (Sigma-Aldrich) was added in order to dissolve the purple formazan; the absorbance was read at 580 and 675 nm.
Superoxide anion (O 2 À ) production
Cells (1 × 10 6 cells per plate) were treated for 1 h with drugs and then stimulated with PMA (Sigma-Aldrich) 1 μM for 30 min. PMA is a well-known stimulus that induces a strong and significant respiratory burst via PKC activation (Myers et al., 1985) . Therefore, it can be used to explore the antiinflammatory efficacy of any substance. Superoxide anion production was then evaluated by the SOD-sensitive cytochrome C (CytC) reduction assay and expressed as nmol CytC reduced . 10 -6 cells·30 min À1 , using an extinction coeffi- 
Quantitative real-time RT-PCR
Cells were evaluated for PPARγ and TNFα expression after a 6 h treatment with vortioxetine at 2.5, 5 and 7.5 nM, serotonin 1 μM, rosiglitazone 1 μM and PGJ 2 10 μM. Total RNA was isolated by Tri-Reagent (Sigma-Aldrich). The amount and purity of total RNA were spectrophotometrically quantified by measuring the optical density at 260 and 280 nm. cDNA synthesis was performed using a high-capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA, USA) according to the manufacturer's instructions. Real-time PCR was carried out in a volume of 10 μL per well in a 96-well optical reaction plate (Biorad, Milano, Italy) containing 0.5 μL of TaqMan Expression Assay (PPARγ or TNFα; Applied Biosystems, USA), 2.5 μL of RNase-free water, 5 μL of TaqMan Universal PCR MasterMix (2×) (without AmpErase UNG; Applied Biosystems) and 2 μL of cDNA template, as described previously (Amoruso et al., 2009a) . The plate was run on the 7000 ABI Prism system (Applied Biosystems). To compensate for variations in cDNA concentrations and PCR efficiency between tubes, an endogenous gene control (β-glucuronidase) was included for each sample and used for normalization. The relative quantification was determined by the ΔΔCT method (Livak and Schmittgen, 2001 ).
ELISA
Commercially available kits were used to test the presence of cytokine and transcription factors. Cell supernatants were tested for the presence of TNFα (Human TNFα-Elisa KitReady-SET-Gol eBioscience Bender, Milano, Italy); cell lysates were tested for the presence of activated NF-kB p65 (NF-kB p65 -total/phospho -InstantOne, eBioscience Bender). 
Flow cytometry analysis
Statistical analysis
The data and statistical analysis comply with the recommendations on experimental design and analysis in pharmacology (Curtis et al., 2015) . Statistical analysis was performed using GraphPad Prism 6. Data are expressed as mean ± SEM of 'n' independent experiments performed in triplicate. Statistical significance among different cell treatments was assessed by Student's paired t-test, or one-way repeated measures ANOVA with Kruskal-Wallis multiple comparisons test if more than two treatment groups were compared. Statistical significance was defined as P < 0.05.
Antibodies and reagents
Vortioxetine was kindly provided by Lundbeck, Italy. Rosiglitazone and PGJ 2 were purchased from Cayman Chemicals (Milan, Italy). Hystopaque, PBS, RPMI 1640 medium (with or without phenol red), glutamine, HEPES, streptomycin, penicillin, PMA, SOD, CytC, RIPA buffer, LPS, protease inhibitor cocktail and phosphatase inhibitor cocktail were obtained from Sigma (Milan, Italy); all cytokines were purchased from Immunotools (Friesoythe, Germany); FACS antibodies were purchased from eBioscience.
Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www. guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Southan et al., 2016) , and are permanently archived in the Concise Guide to PHARMACOLOGY 2017/18 (Alexander et al., 2017a,b,c,d) .
Results
Effects of vortioxetine on cell viability. In order to avoid confounding effects attributable to cell toxicity, we evaluated the effects of vortioxetine and of 5-HT on cell viability by using the MTT assay. No significant differences, compared to control untreated cells, were found in the viability of monocytes or macrophages after treatment for 6 or 24 h with vortioxetine (2.5-10 nM) or 5-HT (1 μM; data not shown). Similarly, rosiglitazone or PGJ 2 , used as controls in the present experiments, had no effect on cell viability as previously reported (Amoruso et al., 2009a,b) .
Effect of vortioxetine on monocytes, M1 and M2 macrophages
Vortioxetine reduced the PMA-induced burst in monocytes, M1 and M2 macrophages. Monocytes and macrophages, as major phagocytes, release basal amounts of O 2 À that increase after stimulation. We therefore analysed the effect of vortioxetine on this parameter by evaluating the nmol of reduced CytC. Basal O 2 À production from unstimulated monocytes (ctrl) was unaffected by vortioxetine at the highest concentration tested (10 nM) (data not shown). PMA 1 μM treatment for 30 min ( Figure 1A ) led to a 10-fold increase. Pretreatment of cells with vortioxetine dose-dependently decreased this response, with a significant reduction already at 0.1 nM; at a concentration of 2.5 nM, the effect was comparable to that of the PPARγ agonist rosiglitazone and to 5-HT, while treatment with PGJ 2 at 10 μM resulted in greater inhibition. Vortioxetine was very efficacious at inhibiting PMA-induced bursts in monocytes, achieving about 90% inhibition at the maximal concentration used, with an IC 50 of 0.033 ± 0.009 nM. Moreover, by use of flow cytometry analysis, we evaluated the percentage of cells producing O 2 À . As shown in Figure 1B , the number of monocytes producing superoxide anion significantly increased after PMA treatment, and vortioxetine significantly reduced the percentage of responsive cells, as did rosiglitazone. We then tested macrophages differentiated into M1 or M2 phenotypes. As expected, M1 macrophages ( Figure 2A ) had a higher level of basal superoxide anions ( Figure 2B ) compared to M2 macrophages. PMA 1 μM induced superoxide anion production in both phenotypes and vortioxetine potently reduced the responsiveness of both M1 and M2 macrophages, totally reversing the effect of PMA with an IC 50 of 2.27 ± 0.37 nM in M1 and 0.37 ± 0.10 nM in M2 macrophages. While these IC 50 s were fitted as a single component, visual inspection of the results suggests that two inhibitory components exist, one in the pM and one in the nM range.
Inhibition of PMA-induced bursts was seen also with the PPARγ agonists and 5-HT on both cell populations.
We then evaluated the PMA-induced burst-responsiveness (Figure 3 ) in the M1 and M2 populations via FACS analysis. As shown in Figure 3A , the median fluorescence intensity of untreated O 2 À -labelled M1 cells was significantly higher than that in M2 cells, as expected, and the M1 responsiveness to PMA was also higher. Interestingly, vortioxetine was able to completely abolish the PMA effect restoring the basal intensity of O 2 À in both macrophage populations, even at a concentration of 1 nM. Moreover, as shown in Figure 3B , we found that in the M1 population, the staining for CD86 and O 2 À were overlaid both at rest and after PMA, while vortioxetine was able to reverse the pro-oxidant stimulus and, surprisingly, to reduce the expression of CD86 skewing the phenotype against M2, as demonstrated by the increased expression of the CD206 marker ( Figure 3B ). The effect was bellshaped, with a peak at 5 nM; vice versa, in the M2 resting population ( Figure 3C ), we found a very low percentage of CD206 + /O 2 À stained cells, but after PMA stimulation these cells switched against an M1 phenotype, demonstrated by an increase in CD86 with a contemporary decrease in CD206. Vortioxetine again re-addressed the macrophage polarization towards the M2 phenotype.
Effects of drugs on the basal expression of PPARγ and TNFα genes. We then analysed whether vortioxetine was able to modulate the gene expression of PPARγ, a recognized antiinflammatory factor, and TNFα, a recognized inflammatory cytokine. As expected, resting cells were characterized by a different expression of PPARγ: monocytes and M1 macrophages expressed approximately threefold lower levels of PPARγ compared to M2 macrophages (data not shown). In contrast, TNFα expression was significantly higher in M1 macrophages and lowest in M2 macrophages (data not shown). As shown in Figure 4 , PPARγ mRNA expression was increased by vortioxetine even at the lowest concentration both in monocytes ( Figure 4A ) and M2 macrophages ( Figure 4C ), while TNFα was not modified. In the M1 phenotype ( Figure 4B ), PPARγ and TNFα mRNA expressions were less affected by vortioxetine. Interestingly, in monocytes, 5-HT and PGJ 2 were unable to modulate either PPARγ or TNFα. In M1 macrophages, 5-HT decreased the expression of TNFα and increased that of PPARγ, while in M2 macrophages, a significant decrease in TNFα was evident while the effect on PPARγ was blunted.
Effect of vortioxetine on monocyte differentiation to M1 or M2 macrophages
We then felt it was noteworthy to evaluate the effect of vortioxetine on monocyte differentiation towards M1 or M2 macrophages. Therefore, we treated monocytes for 6 h with vortioxetine (0.01-10 nM), 5-HT 1 μM, rosiglitazone 1 μM or PGJ 2 10 μM. Cells were then differentiated versus M1 (GM-CSF, IFN-γ and LPS) or M2 (M-CSF plus IL-4, IL-10 and IL-13) phenotypes for 6 days in the absence of vortioxetine. Macrophages were then analysed under basal conditions or after stimulation with PMA 1 μM for 30 min.
Vortioxetine inhibited PMA-induced oxidative burst. PMA induced a significant response in control M1 ( Figure 5A ) and M2 ( Figure 5B ) macrophages, as expected. Interestingly, both M1 and M2 macrophages derived from vortioxetinetreated monocytes were resistant in a dose-dependent manner to the PMA-induced oxidative burst ( Figure 5 ). The IC 50 s for inhibition were in the nM range for both cell types (0.44 ± 0.16 nM for M1 and 1.71 ± 0.51 nM for M2). Vortioxetine modulated PPARγ and TNFα expression. To evaluate the possibility that vortioxetine drives macrophage polarization towards an anti-inflammatory state, we used RT-PCR to analyse the expression of the anti-inflammatory nuclear factor PPARγ in M1 and M2 macrophages derived from monocytes pretreated with vortioxetine. As shown in Figure 6 , vortioxetine pretreatment was able to significantly increase PPARγ mRNA expression in both M1 ( Figure 6A ) and M2 populations ( Figure 6B ). Concomitantly, vortioxetine was able to significantly reduce the gene expression of the strong pro-inflammatory cytokine TNFα both in M1 ( Figure 6A ) and in M2 ( Figure 6B ) populations at the maximal concentration.
Effects of vortioxetine on TNFα release and NF-κB activity. We next used these cells, differentiated in response to vortioxetine treatment, to evaluate PMA-induced NF-κB activity and TNFα release. As depicted in Figure 7A (M1) and B (M2), PMA-treatment of macrophages led to a significant increase in NF-κB activity (left Y axis) which was significantly reduced by pretreatment with vortioxetine in M1 macrophages and by vortioxetine and rosiglitazone in M2 macrophages. In our experimental conditions, resting M1 macrophages released very high levels of TNFα ( Figure 7A , right Y axis); therefore, their responsiveness to PMA was quite weak and slightly modulated by vortioxetine, by 5-HT and PPARγ agonists. Vice versa, PMA-treatment of M2 induced a strong TNFα release ( Figure 7B , right Y axis) that vortioxetine significantly reduced with an inverse bellshaped curve. PPARγ agonists and 5-HT also significantly reduced PMA-induced TNFα release.
Vortioxetine inhibited M1 polarization of macrophages induced by M-CSF/LPS/IFN-γ. To confirm our data demonstrating a trend of vortioxetine to prevent M1 polarization, we analysed the expression of specific surface marker such as CD86 for M1, and CD206 for M2 macrophages. As shown in Figure 8 , vortioxetine at 7.5 nM, as well as 5-HT, 
Discussion
Vortioxetine is an antidepressant with a unique activity on serotoninergic transmission: as well as being a potent inhibitor of SERT, it acts as a 5-HT 3 , 5-HT 1D and 5-HT 7 receptor antagonist, a 5-HT 1A agonist and as a 5-HT 1B partial agonist (Sanchez et al., 2015) . The IC 50 and EC 50 values for these actions are in the low nanomolar range (D'Agostino et al., 2015) . Human monocytes/macrophages express SERT and the following 5-HT receptors: 5-HT 1E , 5-HT 2A , 5-HT 3A , 5-HT 4 , 5-HT 7 (Fiebich et al., 2004; Durk et al., 2005) through which 5-HT exerts its immunomodulatory effects (Arreola et al., 2015) . In our study, ex vivo experiments were carried out to evaluate the possible immunomodulatory and anti-inflammatory effects of vortioxetine in human monocytes/macrophages. We used two different experimental approaches: we evaluated the effect of vortioxetine on modulating the responsiveness of monocytes/macrophages and in reversing macrophage polarization, as well as its ability to modulate monocyte differentiation induced by cytokine cocktails. Alongside, we used rosiglitazone and/or PGJ 2 as positive controls, and 5-HT.
We firstly demonstrated that vortioxetine is endowed with the ability to reduce PMA-induced oxidative bursts in monocytes and M1 and M2 macrophages, with a potency a thousand times superior to that of 5-HT or rosiglitazone. Under our experimental conditions, we also demonstrated that both PMA-treated M1 and M2 macrophages undergo phenotypic adaptations (i.e. an increase in the surface marker Figure 2 Effect of vortioxetine on superoxide anion production in M1 and M2 macrophages. Macrophages were pre-incubated for 1 h with the indicated drugs (Ctrl, control untreated cell) and then stimulated with PMA 1 μM for 30 min. Vortioxetine decreased the level of reduced CytC on PMA stimulated M1 (A) and M2 (B) macrophages in a dose-dependent manner. Significance levels:°P < 0.05 versus Ctrl; *P < 0.05 versus respective PMA. Data are means ± SEM of five independent experiments from distinct donors, analysed by one-way ANOVA with Kruskal-Wallis test for multiple comparison. Effects of vortioxetine on monocytes/macrophages BJP CD86 and a decrease in CD206), and vortioxetine restored the basal conditions towards the M2 phenotype. Moreover, vortioxetine increased the gene expression of PPARγ in resting monocytes and in both macrophage populations and induced a negative trend in the expression of TNFα. It is well known that the expression of PPARγ increases during the differentiation of monocytes to macrophages (Chinetti et al., 1998) , exerts important anti-inflammatory (Chinetti et al., 2000) and immunomodulatory effects (Chinetti et al., 2003) , and its activation is able to prime monocytes towards the M2 phenotype (Bouhlel et al., 2015) . Hence, our results demonstrate that vortioxetine is able to provoke monocytes towards an anti-inflammatory state by increasing PPARγ gene expression, while 5-HT and PGJ 2 did not modify the low physiological level of this receptor. To further understand the immunomodulatory potential of vortioxetine, we next evaluated its ability to prime resting monocytes towards differentiation in response to a cocktail of cytokines. Also in this case, treatment of monocytes with vortioxetine strongly reduced the PMA-induced burst in the resulting M1 and M2 cells, even 6 days after treatment. This suggests that pretreating monocytes with vortioxetine made the resulting M1 cells resistant to PMA stimulation, therefore, preventing the induction of the pro-inflammatory phenotype, meanwhile supporting the differentiation towards the M2 population. The predisposition of vortioxetinechallenged monocytes to acquire an anti-inflammatory phenotype was also demonstrated by the significant increase in PPARγ gene expression in the M2 population as well as in, surprisingly, the M1 cells. Indeed, PPARγ activation suppresses the induction of the inflammatory genes by interfering with different signal transduction pathways, such as the NF-κB, STAT and AP1 pathways, in turn directly involved in the expression and release of TNFα in activated monocytes/ macrophages (Chinetti et al., 1998; Ricote et al., 1998; Delerive et al., 1999) . All the results highlighted above were paralleled, with minor exceptions, by 5-HT, suggesting that (i) the effects observed are unlikely to result from an off-target effect of vortioxetine (i.e. the serotoninergic system is involved) and (ii) the effects observed are either the result of an increase in 5-HT (due to the inhibition of SERT), a direct agonistic effect Figure 5 Superoxide anion production in M1 and M2 macrophages differentiated from vortioxetine-treated monocytes. M1 (A) and M2 (B) macrophages were differentiated for 6 days, in the presence of the specific cytokine cocktail, from monocytes treated for 6 h with vortioxetine, 5-HT 1 μM, rosiglitazone 1 μM or PGJ 2 10 μM. On the day of the experiment, macrophages were stimulated with PMA 1 μM for 30 min. Results are expressed as nmol of reduced cytochrome C (CytC) in response to PMA. Significance level:°P < 0.05 versus Ctrl; *P < 0.05 versus PMA alone. Data are means ± SEM of five independent experiments from distinct donors, analysed by one-way ANOVA with Kruskal-Wallis test for multiple comparison.
Figure 6
Real-time analysis of PPARγ and TNFα expression. M1 (A) and M2 (B) macrophages were differentiated for 6 days, in the presence of the specific cytokine cocktail, from monocytes treated for 6 h with vortioxetine, 5-HT or PGJ 2 10 μM. Data are means ± SEM of six independent experiments from distinct donors, analysed by one-way ANOVA with Kruskal-Wallis test for multiple comparison. Significance levels: *P < 0.05 versus Ctrl.
at one of its receptors, or a mixed effect due to vortioxetine's multi-modal action. Given that 5-HT alone was able to induce PPARγ gene expression and reduce NF-κB activation and TNFα release, this would suggest the involvement of a signalling cascade event. Indeed, these observations are in keeping with previous findings, which demonstrated that the levels of pro-inflammatory cytokines were reduced by inhibition of the 5-HT 3 receptor (Fiebich et al., 2004; Stratz et al., 2012) or of SERT (Lanquillon et al., 2000; Kagaya et al., 2001) , two targets inhibited by vortioxetine. An effect of vortioxetine mediated in part by the 5-HT 3 receptor is also in line with the findings of Gupta et al. (2016) , who demonstrated that antagonism of 5-HT 3 receptors has a neuroprotective effect against oxidative stress. However, this explanation does not accord with the findings of Durk et al. (2005) , which demonstrated that 5-HT is able to modulate inflammation and cytokine release via activation of 5-HT 3 , 5-HT 4 and 5-HT 7 receptors. The possibility that vortioxetine, in this respect, is different from other SSRIs is supported by the atypical nature of the dose-response curves observed in the present investigation. For example, when investigating PMA-induced oxidative bursts (Figure 2) , a reproducible plateau after low doses was observed with higher doses eliciting further effects, and when investigating CD86/CD206 ratios in M1 macrophages ( Figure 3B ): a reproducible bell-shaped curve was observed that peaked around 5 nM. We hypothesize that these findings can be attributed to the sequential recruitment of the diverse mechanisms that characterize this antidepressant.
This working hypothesis postulates that vortioxetine, via a serotoninergic mechanism, activates PPARγ signalling, which in turn is responsible for the anti-inflammatory effects observed. This would be consistent with the parallel effects seen with 5-HT and PPARγ agonists. Nonetheless, it is also possible that vortioxetine activates PPARγ directly in a 5-HT-independent fashion. This alternative hypothesis would be consistent with reports suggesting that PPARγ agonists may have antidepressant activity via their ability to reduce the levels of inflammatory cytokines such as IL-6 and TNFα both in depressed patients and murine models of depression (Kemp et al., 2014; Colle et al., 2016; Liao et al., 2017) .
The anti-inflammatory and immunomodulatory drugs fluoxetine and citalopram have also been shown to have similar effects on microglia in vitro (Su et al., 2015) . Furthermore, 5-HT has been demonstrated to induce M2 polarization
Figure 7
Effect of vortioxetine on NF-κB activity and TNFα secretion in PMA-stimulated cells. ELISAs were performed in M1 (A) and M2 (B) macrophages differentiated for 6 days, in the presence of the specific cytokine cocktail, from monocytes treated for 6 h with vortioxetine (v), 5-HT 1 μM, rosiglitazone (rosig) 1 μM and PGJ 2 10 μM. On the day of the experiment, macrophages were stimulated with PMA 1 μM for 30 min. NF-κB activity is expressed as optical density (O.D.) at 450 nm and secreted TNFα as pg·mL
À1
. Data are means ± SEM of six independent experiments from distinct donors analysed by oneway ANOVA with Kruskal-Wallis test for multiple comparison. Significance levels:°P < 0.05; *P < 0.05 versus respective control.
Figure 8
Effect of vortioxetine on surface marker expression. M1 and M2 macrophages were obtained from differentiating monocytes treated for 6 h with vortioxetine (vortio) 7.5 nM or 5-HT 1 μM. Cells were stained with the indicated antibodies and the co-expression of CD14/CD16/CD86 and CD14/CD163/CD206 in the two populations was analysed. Vortioxetine significantly reduced the M1 population (CD14 + /CD16 + /CD86 + cells), while the M2 population (CD14 + /CD163 + /CD206 + ) was not influenced by the drug treatment. Data are expressed as mean ± SEM of six independent experiments from distinct donors, analysed by one-way ANOVA with Kruskal-Wallis test for multiple comparison. Significance level: *P < 0.05 versus macrophages differentiated from untreated monocytes (Ctrl).
previously (de Las Casas-Engel and Corbi, 2014) . However, the present results show for the first time that the priming of monocytes before differentiation with 5-HT or vortioxetine is able to skew their polarization towards an M2 phenotype. We recognize that the present investigation was performed in monocytes from healthy volunteers. Given that an impairment of serotoninergic transmission is the basis of depression, the effect of antidepressants in this population might be different. Future studies should therefore aim at replicating these results in a clinical trial employing monocytes/macrophages from patients treated with vortioxetine. Furthermore, we only evaluated the effect of vortioxetine on human monocytes/macrophages and are at present unable to determine whether the effect observed is involved in the drug's action. Lastly, we only investigated the effects of vortioxetine, a 5-HT reuptake inhibitor with a peculiar pharmacodynamic profile and are unable to determine whether traditional SSRIs act differently in our models.
Overall our findings indicate that vortioxetine has an antioxidative and anti-inflammatory effect, which is longlasting in directing macrophages towards the alternative phenotype. Therefore, drugs that can affect the serotoninergic pathway and the innate immune system should be further investigated for their potential to be used in the clinic, also in a disease-specific context.
